Abstract OBJECTIVES: During mitral valve repair using the foldoplasty technique, correct judgement of the necessary dimensions and orientation of the leaflet fold is a critical but challenging step that can affect the chances of successful repair. In this study, we investigated whether a leaflet plication clip can be used to guide suture foldoplasty for posterior leaflet prolapse of the mitral valve.
INTRODUCTION
Degenerative mitral valve disease with leaflet prolapse and mitral regurgitation is a common indication for surgery of the mitral valve [1] [2] [3] . Valve incompetence is often the result of excess leaflet tissue, a dilated annulus, an elongated or torn chordae or a combination of these. In the majority of cases, a good repair can be achieved and is preferable to valve replacement because it results in better long-term outcomes [2, [4] [5] [6] . Achieving consistently high repair rates involves a significant learning curve, and most surgeons need to accumulate a toolbox of techniques to deal with the variation in anatomy and complexity seen [2, 4, 7] . A number of techniques have been typically used to address the excess leaflet tissue and include quadrangular or triangular resection, edge-to-edge repair, chordal replacement or transfer and foldoplasty [8] [9] [10] [11] [12] [13] .
First described by Dwight McGoon et al. [14] , foldoplasty repair is the preferred technique for some surgeons because it avoids the resection of leaflet tissue [15] [16] [17] . It is done by the plication of a redundant tissue such that competent chords adequately support the remaining leaflet area. The redundant tissue is prevented from prolapsing above the annular plane during systole and is held to the ventricular side. This in turn provides a coaptation surface for the opposite leaflet and thus restores valve competence.
The challenge is to fold the tissue just enough, in terms of both height from the free edge and width of the tissue within the fold to achieve this effect. One should also take into account, and try to predict, the new relationship between the 2 leaflets both in the anterior-posterior and in the lateral dimensions. For decades, surgeons have relied on the best judgement and on saline hydrostatic loading to assess the efficacy of the repair prior to closing the heart. The problem is that this can only be done after the placement of sutures. If it turns out that the foldoplasty is not right, one would have to remove the sutures and redo the repair or otherwise perform additional procedures on other parts of the valve to make up for the deficit.
We therefore hypothesized that a dynamic and a practical tool to create and hold a foldoplasty would allow surgeons to evaluate the efficacy of the repair prior to the suture placement. We have previously demonstrated that using such a leaflet plication clip effectively plicates a flailing posterior leaflet to restore mitral valve competence [18] . We now sought to ascertain whether the clip could be used as a template for suture foldoplasty. The advantage of the removable clip would be that if the created foldoplasty was not correct, then the clip could be removed with ease and repositioned. This advantage may especially be of consequence for minimally invasive and robotic approaches where direct access to the valve is limited.
The biggest unknown for this potential application was whether good valve competence with the clip would predict competence of the suture foldoplasty and therefore serve as an effective template. This question was raised by the fact that suture placement over the clip necessarily takes up some extra leaflet area and further that the lack of a rigid bracing structure in the foldoplasty may cause the leaflets to behave differently than with the clip in place. In this work, we described our approach and results to address this question.
MATERIALS AND METHODS

Ex vivo evaluation system
In an ex vivo feasibility study, hearts from adult swine were collected from an abattoir. The left atrium was opened to allow direct observation of the mitral valve, and the ascending aorta was sutured closed. The hearts were cannulated via the left ventricular apex using a 32-Fr cannula that was connected to a hydrostatic system via a T connector. On the inflow end of the T connector was a water column whose hydrostatic pressure was maintained at 90 mmHg. A solenoid valve was placed between the water column and the heart, such that when the valve was open, the heart would fill up with and equalize with the hydrostatic water column and when the valve was closed, the heart would be emptied via another solenoid valve placed at the outflow end of the T connector. The valves were actuated alternately such that the left ventricular chamber could be filled and emptied cyclically at a rate of 1 Hz or could otherwise have a constant hydrostatic pressure applied. The filling or emptying of the ventricle resulted into the loading or unloading of the mitral valve. The pressures achieved in the left ventricular chamber were monitored in real time.
Leaflet plication clip
The leaflet plication clip has previously been described [18] . It is made of nickel-titanium alloy (Nitinol) wire formed into a 3D shape comprising 2 arms and a loop ( Fig. 1) . At neutral position, the clip is closed, and the 2 arms of the clip lie side by side above a loop section. Using a custom-made applicator tool, applied where the arms and loop meet; the arms can be rotated to an open configuration. By piercing the tissue in the open configuration and being rotated back to the closed configuration, the arms engage and fold the redundant leaflet tissue around the loop section creating a foldoplasty. The wire is 0.5 mm thick and can easily be removed and repositioned without causing trauma to the leaflet. The clips used in this experiment were 11 mm long and could be opened for a variable width of 3-8 mm as empirically determined by the operator.
Ex vivo valve repairs
Native competence of the valve was confirmed prior to the creation of a posterior leaflet prolapse. To create the posterior leaflet prolapse, the supporting chordae of the middle scallop of the mitral valve were severed starting with the primary chordae and cutting as necessary to create a clear and complete flail of this middle scallop upon hydrostatic loading. We avoided cutting the chordae supporting the clefts between the middle and the side scallops. The anterior valve was left intact.
To repair the leaflet flail, the operator empirically engaged a variable area of the prolapsing leaflet into the fold. The valve was then tested for competence by both hydrostatic and cyclic loading. If unsatisfactory, the clip was withdrawn, and the width, height or orientation of the fold adjusted as needed until an effective repair as assessed by visual evaluation was achieved. Horizontal mattress sutures were placed to involve all 4 layers of the fold created over the clip. The sutures were placed at the tip of the clip in the area of the valve free edge, at the most proximal area of the leaflet folded by the clip, and in between the 2. The clip was then removed to test the effect of the repair. Additionally, the width of the leaflet fold with the clip alone in place compared with after completion of suture plication was assessed.
In vivo experiments
In vivo evaluation was performed in Yorkshire pigs weighing 60-75 kg (Fig. 1) . All experiments were performed in accordance with the 1996 guidelines for the care and use of laboratory animals recommended by the US National Institutes of Health and with the approval of the Boston Children's Hospital Institutional Animal Care and Use Committee. The animals were prepared and placed under general anaesthesia as previously described [18] . Epicardial echocardiography was performed to record the baseline valve function and the animals were then placed on cardiopulmonary bypass. A cross-clamp was applied, anterograde cardioplegia was given and the left atrial roof was opened to access the mitral valve. The valve was examined, and the baseline static loading with saline conducted. Supporting chordae for the middle scallop of the posterior leaflet were cut as described earlier to achieve a complete flail. The left atrium was closed, the heart reanimated and cardiopulmonary bypass weaned off to document the resulting prolapse and regurgitation under in vivo conditions. Cardiopulmonary bypass was then reinitiated, the heart arrested and the valve accessed. Clip foldoplasty was performed as described earlier, adjusting as necessary based on saline testing, and the suture repair was placed using a clip as a template. In some animals, a partial posterior annuloplasty using the De Vega technique was performed at this point. The animals were recovered from cardiopulmonary bypass, and epicardial echocardiography was done within 1 h and 6 h after recovery from cardiopulmonary bypass.
Echocardiography readings
All echocardiograms were interpreted by a cardiologist specializing in cardiac imaging who is not otherwise involved in the conduct of the experiment. The readings were all based on 2D imaging. Mitral valve prolapse was graded as none, billowing or complete flail. Coaptation height was measured in the long-axis view. The grade of mitral regurgitation was determined based on an integrative review of all the available views. The vena contracta width was measured in the longaxis view.
Statistics
Continuous variables were summarized using the mean ± standard deviation and compared across conditions within hearts using linear-mixed models. Categorical variables were compared across conditions using the Cochran-Mantel-Haenszel test. In all cases, P-value of <0.05 was taken to indicate statistical significance. Post hoc comparisons were performed with a Bonferroni correction.
RESULTS
Explanted pig hearts (n = 7) were tested ex vivo. Using the clip as a template for suture placement successfully restored valve competence in every case (Fig. 2) . The average width of the posterior leaflet middle scallop after flail creation was 15.7 ± 2.5 mm (Fig. 3) . A clip plication reducing the width to 9.0 ± 1.6 mm was required to restore valve competency. Upon the placement of the sutures, there was no further significant reduction in the width of the scallop, with the final width being 7.0 ± 1.4 mm showing that the clip could be used to closely estimate the required width of the foldoplasty, even given the extra millimetre required for suture placement (Fig. 3 and Video 1) .
In vivo foldoplasties (n = 7) were performed. Leaflet coaptation was successfully restored in every case resolving the complete flail created by severing the supporting chordae ( Fig. 4A and Video 2). The coaptation height measured within an hour of recovering from cardiopulmonary bypass was 4.7 ± 1.4 mm and remained 4.2 ± 1.3 mm after 6 h which was comparable to the baseline coaptation height of 5.5± 0.9 mm and was significantly different from the flail condition where coaptation height was 0.0 mm (P-value <0.001) (Fig. 4B and Video 2) .
Mitral regurgitation was reduced in all animals from moderate-severe to mild or less upon completion of the suture foldoplasty using the clip as a template (Fig. 5A and Video 2) . In the long-axis view, the vena contracta width increased from 0.5 ± 0.8 mm to 4.6 ± 1.1 mm upon creation of the flail was significantly reduced to 0.7 ± 0.4 (P < 0.001) within 1 h of cardiopulmonary bypass and remained at 1.4 ±1.5 mm after 6 h ( Fig. 5B and Video 2).
We noticed that the sites of residual mitral regurgitation seen in the earlier repairs were from the cleft areas between the middle scallop P2 and the side scallops P1 and P3 due to the fact that while overall leaflet area was reduced with our foldoplasty, annulus size stayed the same. In the last 3 animals, annular size was reduced (2-4 mm) using the addition of the De Vega partial annuloplasty along the posterior annulus. This addition resolved the residual leaks to trivial or none without causing valve stenosis.
Importantly, even in the experimental animal model, 2-4 tries were required to correctly judge the appropriate height, width and orientation of foldoplasty for best results. Optimizing the foldoplasty using the clip and repeated saline testing prior to suture placement, avoided the necessity of having to redo the foldoplasty sutures in all repairs. The use of the clip did not cause any damage to the leaflet tissue in any of the hearts.
DISCUSSION
Excess leaflet tissue is one of the anatomical components that compromise mitral valve competence in degenerative mitral valve disease requiring surgery [2, 4] . Especially in Carpentier Type II mitral valve disease of the posterior leaflet, a foldoplasty is often adequate to restore valve competence and avoid leaflet resection [16] . For successful repair, the tissue plication should be performed in the correct position and be of appropriate width and height. Currently, through trial and error basis, surgeons learn to make the correct judgement over time. The efficacy of the repair can only be tested after the suture placement, which means that when unsatisfactory, the sutures would need to be removed and the repair performed again. Moreover, simulation of the mitral valve apparatus is only in the early stages of development and currently, there are no adequate models for routine clinical prediction of the best repair strategy [19, 20] .
This trial and error process can be simplified by empirically applying the plication clip to establish the correct foldoplasty prior to the suture placement. Having developed and optimized a tissue plication clip capable of restoring valve competence in a flailing posterior leaflet [18] , we now show that such a clip can be of use as a template for suture foldoplasty. We demonstrate that the final width achieved following suture placement is comparable to that of the clip alone and that mitral valve cooptation surface and competence could be effectively restored while avoiding the need to revise the foldoplasty suture line.
Limitations
The experimental animal model that we use is of ruptured chordae in otherwise normal valves. This situation is admittedly different than in the clinical degenerative disease where an excessive leaflet area exists. As a consequence, the foldoplasty was associated with some residual leaks at the clefts between the scallops during in vivo animal testing. We addressed this by performing a partial De Vega annuloplasty to have a clean assessment of the leaflet-level intervention even though the annulus was not enlarged in these otherwise normal valves. In the clinical setting, an annuloplasty ring is very frequently used to reduce the annulus size and support the repair, which would further enhance the results.
CONCLUSION
In this study, we used this clip specifically for prolapse of the middle scallop of the posterior leaflet, however the template should be effective for any other part of the leaflets where plication of excess leaflet tissue is required. This approach may be particularly applicable in the commissures when there is prolapse.
Contemporary results indicate that the repair rates still remain moderately low especially for surgeons with limited case volumes [21] . As more and more repairs are performed minimally invasively with the aid of long instruments and advanced video visualization, it is even more critical that the surgeon is confident of the most optimal suture placement. In situations that call for the use of foldoplasty, employing this technique may help improve the ease and chances of success in mitral valve repair especially during minimally invasive and robotic approaches or repair performed by operators with limited experience or low surgical volume.
